Objectives: The aim of this study was to investigate the antimicrobial activities of calcium ions and other cross-linking agents of alginate dressings, as well as their compatibility with commonly used topical antimicrobials.
Introduction
Wounds are avenues for microbial invasion and infection. Opportunistic infections are often causes of morbidity and mortality in wound complications. 1 Topical antimicrobials may be employed with wound dressings to prevent or treat infections. Currently, only calcium alginate dressings are widely available. Our preliminary studies suggest that alginates could cross-link with polyvalent cations such as aluminium, copper and zinc. These cations are postulated to exert antimicrobial effects. 2 In this study, the antimicrobial activities of individual antimicrobials and cross-linking agents, as well as their interactions with each other, were investigated against two common skin pathogens, Staphylococcus aureus and Pseudomonas aeruginosa. The findings provide useful information on the compatibility between cross-linking agents and antimicrobials, as well as the feasibility of developing an alginate dressing with antimicrobial properties.
Materials and methods
Bacterial strains, antimicrobials and other materials S. aureus (ATCC 6538P) and P. aeruginosa (ATCC 9027) in Culti-loop TM were obtained from the ATCC bacterial strain collections. The nine antimicrobials tested consisted of four antiseptics: cetrimide (BP grade), chlorhexidine diacetate, chloroxylenol (Sigma Aldrich, USA) and proflavine hemisulphate (Fluka Biochemika, Switzerland), and five antibiotics: ciprofloxacin hydrochloride, gentamicin sulphate (USP grade), erythromycin lactobionate (David Bull Laboratories, Australia), sulfadiazine sodium and tetracycline (Sigma Aldrich). Nutrient Broth No. 2 and Purified Agar purchased from Oxoid (England) were used as the culture medium. Aluminium chloride, calcium chloride, copper sulphate and zinc chloride (Merck, Germany) were used as supplied.
Preparation of test inoculum
Test organisms in Culti-loop TM were first revived in nutrient broth at 378C for 18-24 h before subcultures were made on nutrient agar. The 4th to 10th subcultures were used in this experiment. A standardized test inoculum containing 10 8 cells/mL was freshly prepared using the direct colony suspension method, with the aid of the 0.5 McFarland turbidity standard.
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MIC determination
MICs were determined by the broth dilution method, in which concentrations derived from doubling dilutions of the test compounds were further serially diluted to obtain a narrower MIC range. After incubation at 378C for 18 h, the MIC was determined as the lowest concentration showing no visible growth.
3 Each MIC determination was carried out in triplicate, with inoculated and uninoculated antimicrobial-free broths as test controls.
Interaction between cross-linking agent and antimicrobial
The interaction was evaluated by the chequerboard test using agar plates of 8 Â 8 configuration. 4 The plates were prepared by the agar dilution method, using 2-fold serial dilutions.
3 Concentrations tested ranged from 1/32Â to 4Â MIC of each test compound. Test inoculum used was $4.5 Â 10 5 cfu/spot. The plates were examined for surface growth after incubating at 378C for 18 h. Faint hazes were regarded as an absence of growth.
The fractional inhibitory concentration (FIC) index was used to interpret the chequerboard test and was calculated as follows:
where FIC C and FIC A are FIC index of cross-linking agent and antimicrobial, respectively. 
Results
MIC determination
MICs of the test compounds are expressed in mg/L, as well as molar concentration (Table 1) . The latter gives a clearer representation of the stoichiometric interaction of antimicrobial with the target sites. The antibiotics generally exhibited significantly higher activity than the antiseptics, followed by the cross-linking agents. The antibiotics showed comparable activities against S. aureus, but notably different activities against P. aeruginosa. The antibiotics and antiseptics were more active against S. aureus. On the other hand, the cross-linking agents were active against both organisms to comparable extents. The weakest antibiotic, sulfadiazine sodium, was only slightly more active than calcium chloride. Its MIC was 10-to 70-fold higher than those of the other cross-linking agents. Among all the compounds, calcium chloride was the weakest, with MIC 40-to 300-fold higher than the other three cross-linking agents. The most active antiseptic, chlorhexidine, was comparable in activity to tetracycline.
Interaction between cross-linking agent and antimicrobial
The FIC indices for all the combinations ranged from 0.53 to 4.57 ( Table 2 ). The interactions were mostly not significant, although antagonism was observed for the combination of calcium and gentamicin against S. aureus. No synergism was identified but some had FIC close to 0.5. These include the interactions of aluminium with chlorhexidine (FIC = 0.62) or erythromycin (FIC = 0.53), zinc with sulfadiazine sodium (FIC = 0.56) and copper with cetrimide (FIC = 0.53) against P. aeruginosa, as well as copper with tetracycline (FIC = 0.62) against S. aureus.
Discussion
Cations affect the antimicrobial activities of quinolones and tetracycline, 6, 7 but little is known about their effects on other antimicrobials. Cross-linking agents, such as polyvalent cations, released from alginate dressings during use could interact with the antimicrobials and significantly affect the therapeutic outcome. Hence, the type of interaction between various crosslinking agents and antimicrobials that are commonly employed in wound management was investigated. Interactions observed in this study are expected to similarly affect other antimicrobials in the same class. Since different microorganisms usually exist in wounds, two common skin pathogens with different cell wall constituents were selected.
Cell wall composition can influence the effectiveness of antimicrobials by impeding their diffusion to the sites of action. As evident from the MIC results, the outer lipid layer in Gram-negative bacteria posed greater hindrance to the entry of most antimicrobials into the bacterial cell for action. This was not observed for the cross-linking agents, probably due to their small molecular size. No marked effects of the cross-linking agents on antibiotic activities were observed. However, most combinations showed higher FIC for S. aureus than P. aeruginosa. Cations are known to form complexes with aminoglycosides, quinolones and tetracyclines. 6 -8 Chemically, the conjugated C=C bonds and sulphonamide functional group in sulfadiazine sodium stabilize electron distribution via the mesomeric effect and this promotes sulfadiazine sodium complexation with cations. As the molecular size of complexes is bulkier, the thicker peptidoglycan in Gram-positive bacteria would impede their diffusion to a greater extent than the thinner peptidoglycan in Gram-negative bacteria. This probably explains the higher FIC for S. aureus than P. aeruginosa.
The tetracycline -copper interaction in this study is potentially useful. In another study, a higher DNA inhibition by tetracycline was observed for copper-accumulating cells in Wilson's disease subjects, demonstrating the role of cations as co-factors in the antimicrobial activity. 9 Our results suggest that the copper -tetracycline complex could break down inside the cell to liberate the cation for further action.
The MIC results suggest that antiseptics with multiple target sites, e.g. chlorhexidine, were more active. Nevertheless, cetrimide (a quaternary ammonium compound), chlorhexidine (a biguanide) and proflavine (an acridine) are all positively charged at the pH of the test medium (about pH 7), while the phenol ring of chloroxylenol ( pKa $10) remains uncharged. As such, they are unlikely to interact with the cross-linking agents. This partly accounts for the lack of antagonism between these antiseptics and the cross-linking agents which probably diffused separately into the bacterial cell. The capacity of cations as co-factors or competitors for target sites will determine the overall antimicrobial activity. In another study, zinc ions improved the activity of the quaternary ammonium antiseptic, cetylpyridinium chloride, to a greater extent than copper ions.
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The FIC of copper -cetrimide against P. aeruginosa (0.53) is close to synergism, further illustrating the potential usefulness of copper.
In summary, the antimicrobial activity is affected by a number of factors that include the nature of the compound, the composition of the bacterial cell wall and the availability of certain chemical activators. The cross-linking agents are generally compatible with the commonly used antimicrobials. Calcium ion, which is commonly employed to cross-link alginate, exhibited very weak antimicrobial activity but no antagonism with most antimicrobials. The use of calcium alginate with gentamicin is, however, discouraged due to its antagonistic effects against S. aureus. In contrast, cross-linking agents like aluminium chloride, copper sulphate and zinc chloride could impart some antimicrobial activity to the resultant dressing and are more compatible with the antimicrobials. In particular, the combinations of aluminium with chlorhexidine or erythromycin, zinc with sulfadiazine sodium, and copper with cetrimide or tetracycline are potentially useful. It is, therefore, more beneficial to develop alginate dressings using aluminium, zinc and copper salts. However, more studies on the effects of these salts on the physical properties as well as toxicity of these dressings are necessary.
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